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Abstract. The large data sample accumulated by the Belle experiment at KEKB asymmetric energy e+e− collider provides
opportunities to study charmonia (bottomonia) and charmonium-like (bottomonium-like) exotic particles. In this review, we report
recent results on these topics from Belle, including searches for B → hcK, B → Y (4260)K, B → X(3872/3915)(→ χc1pi0)K,
B0 → X(3872)γ , e+e− → γχcJ and a new measurement of the e+e− → ϒ(nS)pi+pi−(n = 1,2,3) cross sections at energies from
10.52 to 11.02 GeV.
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INTRODUCTION
Since the discovery of the charmonium-like exotic X(3872) state at the Belle experiment in 2003 [1], many new
conventional quarkonium states and more than a dozen of exotic quarkonium-like states were discovered. The char-
monium and charmonium-like states have been intensively studied via the B decays as well as the initial state ra-
diation (ISR) process at Belle, and the bottomonium spectroscopy was investigated by the state transitions. In this
review, the study for some charmonium and charmonium-like states and a new measurement of the cross sections for
e+e−→ ϒ(nS)pi+pi−(n = 1,2,3) at Belle are reported. Charge-conjugated modes are implied throughout this review.
SEARCH FOR B→Y (4260)K [2]
The branching fraction product B(B+ → Y (4260)K+)×B(Y (4260)→ J/ψpi+pi−) is predicted to be in the range
3.0× 10−8− 1.8× 10−6 by a QCD sum-rule model which assumes that the Y (4260) is a mixture of charmonium and
tetraquark states [3]. In 2006, the BaBar collaboration has reported a search on B+→Y (4260)(→ J/ψpi+pi−)K+ [4].
They found 128± 42 signal events using a data sample of 211 fb−1, with a statistical significance of 3.1 standard
deviations (σ ). They set an upper limit on B(B+ → Y (4260)K+)×B(Y (4260)→ J/ψpi+pi−)< 2.9× 10−5 at 95%
confidence level (C.L.).
In our analysis, both charged and neutral B’s are considered. The Y (4260) candidates are reconstructed from
J/ψpi+pi−, where J/ψ → ℓ+ℓ−(ℓ∈ {e,µ}). B→ψ(2S)K and B→ X(3872)K are used as control samples to validate
and calibrate our Monte Carlo (MC) results since they have similar topology and larger statistics to our mode. An
unbinned extended maximum likelihood (UML) fit is performed to the distribution of the energy difference ∆E =
∑i Ei−Ebeam, where Ebeam and Ei are the beam energy and the energy of the ith daughter particle in the center-of-
mass frame, respectively. The statistical weight for each candidate to be a signal decay is determined using the sPlot
technique [5], and the signal yield for the intended resonance is extracted from an UML fit to the weighted MJ/ψpi+pi−
distribution.
The observed signal yields for the charged and neutral B → Y (4260)(→ J/ψpi+pi−)K decays are 179± 53+55−41 and
39± 28+7−31, respectively; the signal significances are 2.1σ and 0.9σ , respectively. Since there are no any significant
signals, we set the upper limit (U.L.) for the branching fraction product to be 1.4× 10−5 and 1.7× 10−5 at the 90%
C.L., and 1.56× 10−5 and 2.16× 10−5 at the 95% C.L. for the charged and neutral decays, respectively. The results
are summarized in Table. I. They are the most stringent upper limits to date. The upper limit for the charged decay is
consistent with the BaBar’s previous result, and the upper limit for the neutral decay is given for the first time.
EVIDENCE FOR B→ hcK AND OBSERVATION OF ηc(2S)→ pp¯pi+pi− [6]
The decays B+ → hcK+, B+ → χc0K+ and B+ → χc2K+ are all suppressed by factorization [7, 8]. However,
the current world average B(B+ → χc0K+) = (1.49+0.15−0.14)× 10−4 [9] is not strongly suppressed and only slightly
TABLE I. Results for the B→Y (4260)K search. ε represents the selection efficiency, and Nsig represents the signal yields.
Decay ε(%) Nsig Significance U.L. (90% C.L.) U.L. (95% C.L.)
B+ →Y (4260)K+, Y (4260)→ J/ψpi+pi− 19.8 179±53+55−41 2.1σ 1.4×10−5 1.56×10−5
B0 →Y (4260)K0, Y (4260)→ J/ψpi+pi− 10.6 39±28+7−31 0.9σ 1.7×10−5 2.16×10−5
smaller than the factorization-allowed process B(B+ → χc1K+) = (4.84± 0.23)× 10−4. Before the first experimen-
tal searches, it was expected that B(B+ → hcK+) ≈ B(B+ → χc0K+) [8]. Before our search, the best upper limit
was B(B+ → hcK+)< 3.8×10−5 at 90% C.L., which was obtained in the hc search by Belle in 2006 [10]. Although
the LHCb collaboration also set the upper limit on the branching fraction product B(B+ → hcK+)×B(hc → pp¯)<
6.4× 10−8 at 95% C.L. [11], it does not give a stronger constraint since the decay hc → pp¯ has never been observed
and B(hc → pp¯) < 1.5× 10−4 at 90% C.L. [9]. After the experimental upper limit of B(B+ → hcK+) was set,
some new theoretical predictions based on different approaches were made. In the QCD factorization approach, the
branching fraction is calculated to be 2.7× 10−5 [12], while using perturbative QCD (pQCD) approach the result is
B(B+ → hcK+) = 3.6× 10−5 [13]. Both values are slightly below the previous experimental upper limit.
In our analysis, both charged and neutral B’s are considered. The hc candidates are reconstructed from ηcγ and
pp¯pi+pi−, where the latter decay channel was recently observed by BESIII [14]. The ηc candidates are reconstructed
in ten different decay channels: K+K0S pi
−, K+K−pi0, K0S K
0
S pi
0, K+K−η , K+K−K+K−, η ′(→ ηpi+pi−) pi+pi−, pp¯,
pp¯pi0, pp¯pi+pi−, and ΛΛ¯. Also, the integrated luminosity is 2.8 times greater than the luminosity used previously [10].
Multivariate analysis (MVA) with a multilayer perceptron neural network [15] is used for each channel to separate
the signal events from the background events. A simultaneous UML fit to the invariant mass of the hc candidate is
performed to hc → ηcγ signal, hc → pp¯pi+pi− background, and hc → pp¯pi+pi− signal distributions. The decays of
other charmonium states to pp¯pi+pi− channel are also studied.
Evidence for the charged decay B+ → hcK+ is found with a significance of 4.8σ , and its branching fraction is
measured to be (3.7+1.0+0.8−0.9−0.8)× 10−5. It is consistent with and supersedes the existing upper limit, and it also agrees
with the theoretical predictions. The neutral decay B0→ hcK0S is not found, and we set the upper limit for its branching
fraction to be 1.4×10−5 at 90% C.L. The upper limit for the neutral decay is given for the first time. Furthermore, we
observed the decay ηc(2S)→ pp¯pi+pi− for the first time with 12.1σ significance, by studying the pp¯pi+pi− invariant
mass distribution in B+ → (pp¯pi+pi−)K+ channel. Other charmonium signals are consistent with the current world-
average values. The results are summarized in Table. II.
TABLE II. Results for B→ (cc¯)K measurements. The values or confidence intervals are at 90% C.L.
Branching fraction Significance Value or confidence interval World-average value [9]
B(B+ → hcK+) 4.8σ (3.7+1.0+0.8−0.9−0.8)×10−5 < 3.8×10−5
B(B+ → ηcK+)×B(ηc → pp¯pi+pi−) 20.1σ (39.4+4.1+2.2−3.9−1.8)×10−7 (57.8±20.2)×10−7
B(B+ → J/ψK+)×B(J/ψ → pp¯pi+pi−) 33.9σ (56.4+3.3+2.7−3.2−2.5)×10−7 (60.6±5.3)×10−7
B(B+ → χc0K+)×B(χc0 → pp¯pi+pi−) 6.0σ (3.7+1.2+0.2−1.0−0.3)×10−7 (3.1±1.1)×10−7
B(B+ → χc1K+)×B(χc1 → pp¯pi+pi−) 4.9σ (4.7+1.3+0.4−1.2−0.2)×10−7 (2.4±0.9)×10−7
B(B+ → χc2K+)×B(χc2 → pp¯pi+pi−) 0.3σ < 1.9×10−7 (0.15±0.06)×10−7
B(B+ → ηc(2S)K+)×B(ηc(2S)→ pp¯pi+pi−) 12.3σ (11.2+1.8+0.5−1.6−0.7)×10−7 not seen
B(B+ → ψ(2S)K+)×B(ψ(2S)→ pp¯pi+pi−) 5.0σ [0.5,3.5]×10−7 (3.7±0.3)×10−7
B(B0 → hcK0S ) 0.7σ < 1.4×10−5 not seen
B(B0 → ηcK0S )×B(ηc → pp¯pi+pi−) 12.5σ (19.0+3.2+1.3−2.9−4.7)×10−7 (20.9±7.8)×10−7
B(B0 → J/ψK0S )×B(J/ψ → pp¯pi+pi−) 20.8σ (24.3+2.3+1.2−2.2−1.3)×10−7 (26.2±2.4)×10−7
B(B0 → χc0K0S )×B(χc0 → pp¯pi+pi−) 0.6σ < 1.3×10−7 (1.5±0.6)×10−7
B(B0 → χc1K0S )×B(χc1 → pp¯pi+pi−) 4.5σ (3.7+1.2+0.3−1.0−0.2)×10−7 (1.0±0.4)×10−7
B(B0 → χc2K0S )×B(χc2 → pp¯pi+pi−) 2.5σ [0.7,3.8]×10−7 not seen
B(B0 → ηc(2S)K0S )×B(ηc(2S)→ pp¯pi+pi−) 5.9σ (4.2+1.4+0.3−1.2−0.3)×10−7 not seen
B(B0 → ψ(2S)K0S )×B(ψ(2S)→ pp¯pi+pi−) 2.8σ < 1.9×10−7 (1.7±0.2)×10−7
SEARCH FOR X(3872/3915)→ χc1pi0 [16]
The decay X(3872)→ χc1pi0 was recently observed by BESIII in e+e− → χc1pi0γ [17]. If the charmonium χc1(2P)
component dominates the X(3872) structure, the pionic transition X(3872)→ χc1pi0 is expected to be very small
due to isospin breaking by the light quark mass [18]. However, according to BESIII’s result,
B(X(3872)→χc1pi0)
B(X(3872)→J/ψpi+pi−) =
0.88+0.33−0.27± 0.10 is large compared to B(ψ(2S)→J/ψpi
0)
B(ψ(2S)→J/ψpi+pi−) = 3.66× 10−3, which disfavors the χc1(2P) interpretation.
The X(3915) state was first observed by Belle in B → X(3915)K → J/ψωK [19]. For a pure charmonium χc0(2P)
scenario, its width is too narrow (expect > 100 MeV/c2 [20], measured (20±5) MeV/c2 [9]) and its branching fraction
is too large (should be suppressed by OZI rule [21]). If X(3915) is a non-conventional state, single pion transitions
may be enhanced.
In our analysis, the X(3872) and X(3915) candidates are produced by the B+ → X(3872/3915)K+ decay. The χc1
candidates are reconstructed from J/ψγ , where J/ψ → ℓ+ℓ−(ℓ ∈ {e,µ}). The signal yield is extracted from an UML
fit to the ∆E distribution, and the X(3872/3915) signal yield is extracted from an UML fit to the weighted Mχc1pi0
distribution produced by the sPlot technique. Events from B
+ → χc1K∗+ are vetoed by rejecting events with 791.8
MeV/c2 < MK+pi0 < 991.8 MeV/c
2.
The observed signal yields for the X(3872) and X(3915) modes are 2.7± 5.5 and 42± 14, respectively; the signal
significances are 0.3σ and 2.3σ , respectively. Since there are no any significant signals, we set the upper limit
(U.L.) for the branching fraction productB(B+ → X(3872)K+)×B(X(3872)→ χc1pi0)< 8.1×10−6 and B(B+ →
X(3915)K+)×B(X(3915)→ χc1pi0)< 3.8×10−5 at the 90% C.L., which are compatible with the D0D∗0 + χc1(2P)
admixture scenario for X(3872) [18]. We also obtain that B(X(3872)→χc1pi
0)
B(X(3872)→J/ψpi+pi−) < 0.97 at the 90% C.L., which does not
contradict the BESIII result. The results are summarized in Table. III, and these information can be used to constrain
the molecular/tetraquark component of the X states.
TABLE III. Results for the X(3872/3915)→ χc1pi0 search. ε represents the selection efficiency, and Nsig are the signal yields.
Decay ε(%) Nsig Significance U.L. (90% C.L.)
B+ → X(3872)K+ , X(3872)→ χc1pi0 5.35 2.7±5.5 0.3σ 8.1×10−6
B+ → X(3915)K+ , X(3915)→ χc1pi0 5.37 42±14 2.3σ 3.8×10−5
SEARCH FOR B0→ X(3872)γ [22]
Predictions of B0→ (cc¯)γ branching fractions depend on the factorization approach of QCD interactions. For example,
the branching fraction of B0→ J/ψγ is predicted to be 7.65×10−9 and 4.5×10−7 using QCD factorization [23] and
pQCD approach [24], respectively. The current upper limit for B0 → J/ψγ is 1.5×10−6 at 90% confidence level [9].
Possible new physics enhancements of the branching fractions for such decaymay be due to right-handed currents [23]
or nonspectator intrinsic charm in B0 [25]. Since X(3872)may not be a pure charmonium state, the branching fraction
of B0 → X(3872)γ should be smaller than that of B0 → J/ψγ . This is the first search of the decay B0 → X(3872)γ .
In our analysis, the X(3872) candidates are reconstructed from J/ψpi+pi−, where J/ψ → ℓ+ℓ−(ℓ ∈ {e,µ}). MVA
with a neural network [26] is used to separate the signal events from the background events. B0 → K0S pi+pi−γ ,
B0 → J/ψK0S , and B0 → ψ(2S)K0S are used as control samples to validate and calibrate our MC results. B me-
son candidates are identified with the energy difference ∆E and a modified beam-energy-constrained mass Mbc =√(
E∗beam
c2
)2
−
(
~P∗X
c
+
~P∗γ
|~P∗γ |c2
(E∗beam−E∗X)
)2
, in which ~P∗X and E
∗
X are the reconstructed momentum and energy of the
X(3872) candidate, and ~P∗γ is the reconstructed momentum of the photon candidate. A signal region is defined by
ranging ∆E and Mbc, and the Feldman-Cousins counting method [27, 28] is used to obtain the upper limit.
The observed number of events Nevt in the signal region are both 9 for dimuon and dielectron channels, respectively.
Such numbers are about the same as the expected background numbers Nbkg in the same region, which are 9.3 and
12.1 for dimuon and dielectron channels, respectively. Since there are no any significant signals, we set the upper
limit for the branching fraction product B(B0 → X(3872)γ)×B(X(3872)→ J/ψpi+pi−) < 5.1× 10−7 at the 90%
C.L. The results are summarized in Table. IV. This upper limit is given for the first time.
TABLE IV. Results for the B0 → X(3872)γ search.
Channel Observed Nevt Expected Nbkg Efficiency (%) 90% U.L.
Dimuon 9 9.3 16.8±0.01 9.2×10−7
Dielectron 9 12.1 14.5±0.01 6.8×10−7
Total 18 21.4 – 5.1×10−7
OBSERVATION OF e+e−→ γχc1 AND SEARCH FOR e+e−→ γχc0, γχc2 AND γηc [29]
Electromagnetic quarkonium production serves as a good testing ground for nonrelativistic quantum chromodynamics
(NRQCD) predictions for its relative simplicity. The BESIII experiments measured the cross sections of e+e− →
γχcJ(J = 0,1,2) at
√
s = 4.01, 4.23, 4.26, and 4.36 GeV, as well as the cross sections of e+e− → γηc at the same
energies and at 4.42 and 4.60 GeV additionally [30, 31]. However, at none of those individual energy points do the
statistical significances for χcJ or ηc production exceed 3σ . When the data from all energy points are combined, the
statistical significances for χc1, χc2, and ηc production are 3.0σ , 3.4σ , and> 3.6σ , respectively. Furthermore, BESIII
has reported evidence for e+e−→ X(3872)γ [32], and a precise measurement of e+e−→ γχcJ and γηc will be useful
to understand the C-even quarkonia and the exotic XYZ states including X(3872) [33, 34, 35].
In our analysis, the χcJ candidates are reconstructed from J/ψγ , where J/ψ → µ+µ−. The ηc candidates are
reconstructed from K+K0S pi
−, pi+pi−K+K−, pi+pi−pi+pi−, K+K−K+K−, and 3(pi+pi−). The analysis is performed on√
s = 10.52, 10.68, 10.867 GeV, and MVA with a neural network [26] is also used to suppress the background events.
Corrections due to initial-state radiation (ISR) are taken into account by assuming σ(e+e−→ γχcJ/ηc)∼ 1/sn, where
n = 1.4, 2.1, 2.4, and 1.3 for χc0, χc1, χc2, and ηc, respectively [36, 37]. The signal yields of the χcJ and ηc candidates
are extracted from an UML fit to their invariant mass distributions, where the five ηc final states are performed by a
simultaneous fit.
We observed a clear signal of χc1 signal at
√
s = 10.58 GeV with a significance of 5.1σ including systematic
uncertainties, and the Born cross section is measured to be (17.3+4.2−3.9(stat.)± 1.7(syst.)) fb. For other data samples,
the signal is not evident and their corresponding upper limits are given at 90% C.L. The results are summarized in
Table V. Together with the BESIII measurements [30] at lower center-of-mass energies, the s-dependency of the Born
cross section for e+e−→ γχc1 is obtained to be 1/s2.1
+0.3
−0.4±0.3.
TABLE V. Results for the e+e−→ γχcJ and e+e−→ γηc search. Nsig (NULsig ) represents the (upper limit of) signal yields, σ is the
signal significance, ε represents the selection efficiency, and σB (σ
UL
B ) represents the (upper limit of) Born cross sections.
Channel
√
s (GeV) Nsig N
UL
sig (90% C.L.) σ ε(%) σB (fb) σ
UL
B (90% C.L.)
e+e−→ γχc0 10.52 2.9+4.0−3.3 9.6 0.9 19.0 286.2+394.7−325.6±30.7 957.2
e+e−→ γχc1 4.8+3.6−2.9 10.4 1.9 20.8 16.2+12.1−9.8 ±1.4 34.9
e+e−→ γχc2 −0.8+2.3−1.6 4.5 – 19.9 −5.0+14.3−10.0±0.6 28.9
e+e−→ γηc 6.8+14.8−14.3 30.8 0.5 0.79 9.0+19.5−18.8±1.0 40.6
e+e−→ γχc0 10.58 −1.6+9.8−8.9 16.5 – 18.9 −20.0+122.3−111.0±2.6 205.9
e+e−→ γχc1 39.0+9.5−8.8 – 5.2 19.9 17.3+4.2−3.9±1.7 –
e+e−→ γχc2 −8.7+5.7−5.0 7.2 – 19.8 −6.8+4.5−3.9±1.4 5.7
e+e−→ γηc 67.2+42.0−39.2 125.9 1.8 0.78 11.3+7.0−6.6±1.5 21.1
e+e−→ γχc0 10.867 −1.3+4.0−3.2 7.0 – 17.7 −101.4+312.0−249.6±9.5 543.7
e+e−→ γχc1 1.9+3.4−2.6 7.9 0.7 16.8 5.8+10.5−8.0 ±0.8 24.3
e+e−→ γχc2 −2.8+3.2−2.4 5.3 – 16.3 −15.7+17.9−13.4±2.3 30.3
e+e−→ γηc 12.3+18.2−17.4 42.3 0.9 0.76 12.3+17.3−18.1±1.1 42.2
MEASUREMENT OF THE e+e−→ ϒ(nS)pi+pi− CROSS SECTIONS [38]
Above the BB¯ threshold, the vector bottomonium states ϒ(4S), ϒ(10860) and ϒ(11020) have properties that are unex-
pected for pure bb¯ bound states [39]. Compared to ordinary bottomonium states, their transition to lower bottomonia
with light hadron emission have much higher rates, and some of them even strongly violate the Heavy Quark Spin
Symmetry. Possible explanations for these unexpected properties including contribution of hadron loops (equiva-
lently, presence of a B
(∗)
(s)
B¯
(∗)
(s)
admixture) [40, 41, 42] or presence of other exotic states (e.g. compact tetraquarks [43]
or hadrobottomonia [44]). Besides, ϒ(3,4D) states are predicted in the region of the ϒ(4S), ϒ(10860) and ϒ(11020)
levels [45, 46]. Although the electron widths of the D-wave states are expected to be quite small for bottomonia below
the BB¯ threshold [47], they can be significantly enhanced above the open-flavor thresholds due to B-meson loops [48].
Furthermore, recent study of e+e−→ϒ(nS)pi+pi− in Belle show a small hint of new structure at√s= 10.77 GeV [49].
It is of interest to study more channels and to improve the accuracy of the previously measured cross sections.
In our analysis, the ϒ(nS)(n= 1,2,3) candidates are reconstructed from ℓ+ℓ−(ℓ∈ {µ ,e}). We scanned over the data
with about 1 fb−1 per point collected in the energy range from 10.63 GeV to 11.02 GeV. The ϒ(10860) on-resonance
data samples with a total luminosity of 121 fb−1 are also used, and they were collected in five different periods with
slightly different c.m. energies between 10.864 GeV and 10.868 GeV. Finally, we use the continuum data sample
collected at 10.52 GeV with a total luminosity of 60 fb−1. Signal yields are extracted via fitting to the Mrecoil(pi+pi−)
distribution, instead of the counting method used in the previous study [49]. Additional information about the cross
section shapes are obtained by using the ISR process with the high statistics ϒ(10860) on-resonance data. The fully
reconstructed events are selected with an energy balance requirement |Mrecoil(pi+pi−)−M(ℓ+ℓ−)|< 150 MeV.
A new measurement of the energy dependence of the cross sections for e+e−→ ϒ(nS)pi+pi− which supersedes the
previous Belle result [49] is reported. Furthermore, we observed a new structure in the energy dependence, with a
global significance of 6.7σ including the systematic uncertainties. Such new structure may be explained by resonances
of the not-yet-observed ϒ(3D) (enhancement of S-D mixing) [48] or an exotic state (e.g. a compact tetraquark [43] or
hadrobottomonium [44]). It may also be a non-resonant effect due to some complicated rescattering. Measurements
of ϒ(10860) and ϒ(11020) parameters with improved accuracy are also reported. In the continuum data sample at√
s = 10.52 GeV, a clear signal for the e+e−→ ϒ(1S)pi+pi− process is evident. Its significance including systematic
uncertainties is larger than 3.5σ , and the corresponding cross section is determined to be 42+17−15 fb.
TABLE VI. Results for the e+e−→ ϒ(nS)pi+pi− cross-section measurement. M and Σ represent the measured masses and widths,
where the first and second uncertainties are statistical and systematic, respectively. Ranges of the Σee×B values are shown from
the lowest to the highest solution.
M Σ Σee×B (eV)
(MeV/c2) (MeV) ϒ(1S)pi+pi− ϒ(2S)pi+pi− ϒ(3S)pi+pi−
ϒ(10860) 10885.3±1.5+2.2−0.9 36.6+4.5+0.5−3.9−1.1 0.75 – 1.43 1.35 – 3.80 0.43 – 1.03
ϒ(11020) 11000.0+4.0+1.0−4.5−1.3 23.8
+8.0+0.7
−6.8−1.8 0.38 – 0.54 0.13 – 1.16 0.17 – 0.49
New structure 10752.7±5.9+0.7−1.1 35.5+17.6+3.9−11.3−3.3 0.12 – 0.47 0.53 – 1.22 0.21 – 0.26
CONCLUSION
We review some results on the study of charmonia and bottomonia-like particles at Belle, and the main results are
summarized below. (1) the first observation of the decay ηc(2S)→ pp¯pi+pi−, the process e+e−→ γχc1 at
√
s = 10.58
GeV, and a new structure in the energy dependence of e+e−→ ϒ(nS)pi+pi− process; (2) the evidence of the process
e+e−→ϒ(1S)pi+pi− at√s= 10.52GeV and of the decay B+→ hcK+; (3) the energy dependence of the cross sections
for e+e− → γχc1 and e+e− → ϒ(nS)pi+pi−; (4) the 90% C.L. upper limits are set for the search for some processes
related to charmonium and charmonium-like states such as B → Y (4260)K, B0 → hcK0s , X(3872/3915)→ χc1pi0,
B0 → X(3872)γ , e+e− → γχcJ , and e+e− → γηc. We expect 40 times of integrated luminosity in Belle II, and the
measurements for these processes can be further improved with higher precision.
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